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 The study offers information about the carbon and nitrogen removal in granular SBR.
 The SND process was discussed under high dissolved oxygen concentration conditions.
 Different organic and nitrogen loading rate have been applied.
 Results show that even with high DO concentration N and C can be removed.a r t i c l e i n f o
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Simultaneous nitriﬁcation and denitriﬁcation (SND) together with organic removal in granules is usually
carried out without Dissolved Oxygen (DO) concentration control, at ‘‘low DO’’ (with a DO < 30–50% of
the saturation value, about 3–4 mg/L) to promote anoxic conditions within the aggregates. These
conditions can sometimes be in detrimental of the stability of the granules itself due to a lack of shear
force. In this work, the authors achieved SND without oxygen control with big sized granules. More spe-
ciﬁcally, the paper presents a experimentation focused on the analysis of two Sequencing Batch Reactors
(SBRs), in bench scale, working with different aerobic sludge granules, in terms of granule size, and high
DO concentration, (with concentration varying from anoxic conditions, about DO 0 mg/L, to values close
to those of saturation, >7–8 mg/L, during feast and famine conditions respectively). In particular, different
strategies of cultivation and several organic and nitrogen loading rate have been applied, in order to eval-
uate the efﬁciencies in SND process without dissolved oxygen control. The results show that, even under
conditions of high DO concentration, nitrogen and organic matter can be simultaneously removed, with
efﬁciency >90%. Nevertheless, the biological conditions in the inner layer of the granule may change sig-
niﬁcantly between small and big granules, during the feast and famine periods. From point of view of
granule stability, it is also interesting that with a particle size greater than 1.5 mm, after the cultivation
start-up, the granules are presented stable for a long period (about 100 days) and, despite the variations
of operational conditions, the granules breaking was always negligible.
 2013 Elsevier Ltd. All rights reserved.1. Introduction granules are constituted by dense clusters containing millions ofThe Sequencing Batch Reactor (SBR) with aerobic granular sludge
represents a good alternative to conventional activated sludge
plants (Abdullah et al., 2013). In particular, granular SBR systems
guarantee high sludge settle-ability and excellent performance,
with small space demand. The phenomenon of bio-granulation in-
volves cell–cell interaction and includes physical, chemical and
biological factors (Liu and Tay, 2006a; Adav et al., 2008). The prod-
ucts of this process are the biomass aggregates formed through
self-immobilization of micro-organisms. More speciﬁcally, theorganisms per gram, including within them different bacterial spe-
cies that play different roles in wastewater treatment (Kim et al.,
2008; Othman et al., 2013). Compared to conventional activated
sludge ﬂocs, the granules have a smooth texture, thick and very
good settleability. Further, the granular sludge can efﬁciently oper-
ate with high levels of organic load, high Sludge Retention Times
(SRTs) and variable operational conditions (Anuar et al., 2007;
Yuan and Gao, 2010).
Another interesting aspect of this technology is the possibility
of obtaining a successful removal of nutrients in a single reactor,
because the conditions necessary for nitriﬁcation, denitriﬁcation
and biological phosphorus removal are carried-out within the
granules (Yang et al., 2003; Mosquera-Corral et al., 2005; de Kreuk
et al., 2005; Chen et al., 2011; Coma et al., 2012). In fact, the
Geometric features of the reactors SBAR SBBC Unit 
cylinder height  860 860 mm 
riser height  600 - mm 
water table level 690 640 mm 
cylinder diameter 90 90 mm 
riser diameter 54 - mm 
volumetric exchange ratio 50 50 % 
Reactor volume 3.5 3.5 L 
Fig. 1. The layout of the pilot plant and geometric features of SBAR/SBBC reactor.
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layers, that allow organic carbon and nutrient removal in the same
reactor. The presence of heterotrophic population can be observed
in the inner part of the granules and, due to oxygen diffusion
limitation inside the granules, it is possible to establish a denitriﬁ-
cation process; in the middle layer, autotrophic biomass is domi-
nant; in the outer layer, where oxygen and organic substances
are highly available, aerobic heterotrophic growth occurs (Jin
et al., 2008; Wan and Sperandio, 2009). Nevertheless, the thickness
of each layer depends on oxygen and substrate penetration within
the granule. Thus, the Simultaneous-Nitriﬁcation–Denitriﬁcation
(SND) process is regulated by the oxygen gradient within the gran-
ule (Yilmaz et al., 2008). This depends basically on two aspects
(Coma et al., 2012): (1) the Dissolved Oxygen (DO) concentration
in the bulk liquid; (2) the granule sizes.
In general, there appears to be a general consensus that SND pro-
cess within the granules can be optimized when a limited oxygen
concentration is applied or a speciﬁc anoxic phase is performed
(Beun et al., 2001; de Kreuk et al., 2007). Unfortunately, granules
may breakwith low oxygen concentration and often it is impossible
to obtain stable granules (Liu and Tay, 2006b, 2008). In particular,
de Kreuk and van Loosdrecht (2004) afﬁrm that oxygen concentra-
tion reduced to 40% of the saturation value (DO < 3–4 mg/L) caused
break-up of granules.
On the other hand, high concentrations of oxygen (with values
close to those of DO saturation) may sometimes be required,
especially when the granular sludge is used with other advancedTable 1
Operational condition during the period 1 (cultivation).
Day R1
Ts VLR Conﬁgura
min kg/m3d
1st–7th 7 2.4 SBAR
8th–14th 5
15th–28th 3
29th–32nd 2
33th–101st
102nd–128th SBBCtechnologies, for example with membranes bioreactor (Li et al.,
2008). In this context, the granule sizes could have a more impor-
tant role on the SND process, with reference to thickness variation
of anoxic/aerobic zones within the granules. In particular, the dif-
ferent oxygen penetration inside a ‘‘big’’ granule, during feast
and famine periods, can improve biological performance and re-
duce membrane fouling (Wei et al., 2011).
Bearing in mind these observations, the paper reports the anal-
ysis of the simultaneous organic and nitrogen removal obtained in
two bench scale SBRswith differentmean granule sizes (both great-
er than 1.5 mm after the cultivation period). The study aims to offer
useful information about the optimization of nitrogen removal in
an aerobic granular sludge reactor with ‘‘high’’ DO concentration.
2. Methods
2.1. Pilot plant description
Experiments were performed in two column-type aerobic gran-
ular sludge sequencing batch reactors. Actually, the granular
sludge cultivation was carried-out with a Sequencing Batch Airlift
Reactor (SBAR). Successively, after 102 days, the conﬁguration of
R1 and R2 was changed to Sequencing Batch Bubble Column
(SBBC) reactor (Beun et al., 2002).
Both reactors had a working volume of 3.5 L and a ﬁlling height
of 74 cm. The riser of SBAR conﬁguration was 60 cm height with an
internal diameter of 5.4 cm and was positioned at a distance of
3 cm from the bottom of the reactor. Other, geometric features
were reported in Fig. 1, where a scheme of plant installation is
reported.
The efﬂuent was withdrawn using an electromagnetic valve lo-
cated at 37 cm from the bottom of the reactor and so the volumet-
ric exchange ratio was 50%. The Hydraulic Retention Time (HRT)
was 6 h. The reactor operated in successive cycles of 3 h each.
One cycle consisted of 5 min inﬂuent addition, 162–167 min aera-
tion (depending on the settling time changing), 2–7 min settling
(changing during the initial cultivation) and 6 min efﬂuent with-
drawal. Air was introduced in the reactor from the bottom, using
a sparger, at a superﬁcial air velocity of 2.25 cm/s (3 L/min). The
air-ﬂow was monitored using a ﬂow meter but DO control was
not applied. The operations were regulated by a PLC (programmable
logic controller).
In order to accurately modify the Volumetric Loading Rate (VLR)
and the C/N ratio, the experiment was carried-out with synthetic
wastewater. The synthetic wastewater had the general composi-
tion described by Beun et al. (2002). In order to change the C/N ra-
tio, the Sodium Acetate and/or NH4Cl concentrations were
changed.
2.2. Experimentation phases
The whole experimentation lasted 212 days and was divided
into two different periods:R2
tion Ts VLR Conﬁguration
min kg/m3d
5 2.4 SBAR
4
3
2
4.8
SBBC
Table 2
Operational condition during the period 2.
Day R1 R2
Qair VLR C/N Qair VLR C/N
L/min kg/m3d – L/min kg/m3d –
129th–149th Sub-period I 3 3.6 8/1 3 3.6 8/1
150th–170th Sub-period II 3 4.8 8/1 3 4.8 8/1
171st–181th Sub-period III 2 4.8 16/1 2 4.8 16/1
182nd–191st Sub-period III 3 4.8 16/1 3 4.8 16/1
192nd–202nd Sub-period IV 2 4.8 16/1 2 4.8 16/1
203th–212nd Sub-period IV 3 4.8 16/1 3 4.8 16/1
(a)
(b)
(c)
Fig. 2. Trend of (a) MLSS concentration, (b) settlement velocity of granular sludge,
and (c) mean granular sizes during the experimental campaign.
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 Period 2: pseudo-stationary working.
During Period 1 (lasting 128 days), the granular sludge was cul-
tivated in two SBAR reactors, using different operational condi-
tions, in order to obtain a different mean granule size in the two
systems. Both reactors, named ‘‘R1’’ and ‘‘R2’’, were started with
aerobic sludge collected from the aeration tank of the Palermo mu-
nicipal plant. The concentration of Total Suspended Solids (TSS) in
the sludge inoculum was 4 g/L (with a initial Sludge Volume Index
of SVI30 = 140 mL/g and SVI10 = 194 mL/g). Only the settling time
(ts) and the VLR were changed in the two reactors. In particular,
the ts was reduced from 7 to 3 min in R1 during the ﬁrst 2 weeks
of operation (reducing 2 min per week), in order to let the biomass
acclimatize and prevent a massive wash-out (Qin et al., 2004a,b;
Torregrossa et al., 2007). On the other hand, in R2 the ts was re-
duced from 5 to 3 min in the ﬁrst 2 weeks (reducing 1 min per
week). The settling time was further reduced to 2 min in both reac-
tors, after 28 days. The value of the VLR applied was 2.4 kgCOD/
m3d during the ﬁrst 32 days in both reactors. At the 33rd day, this
value was doubled in the reactor R2 (4.8 kgCOD/m3d). This choice
allowed us to obtain granules of different sizes (which is the ﬁnal
goal of different cultivation strategies), in accordance with Li et al.
(2008). The Period 2 was divided into four sub-periods (I–IV), last-
ing 21 days each. In particular, the aim of this period was to ana-
lyze the variation in the anoxic and aerobic layer inside the
granules and the simultaneous organic matter and nitrogen re-
moval performance relating to different operational conditions
and different granule sizes. Mainly, the effects of VLR and C/N ra-
tios were studied. In general, in order to obtain a good SND process
the C/N ratio was kept meanly high (mgCOD/mgN > 8:1). During
the sub-period I the C/N ratio was maintained identical in both
reactors (8:1), while the VLR was changed: in the R1 was increased
from 2.4 to 3.6 kgCOD/m3d; in the R2 the VLR was reduced from
4.8 to 3.6 kgCOD/m3d. In this conditions, in the bulk liquid the Oxi-
dation Reduction Potential (ORP) values ranged from 50 mV (an-
oxic conditions) at 70–80 mV (aerobic conditions), due to the effect
of the phases of feast and famine.
During the sub-period II, the VLR was increased again to
4.8 kgCOD/m3d in both reactors, the C/N ratio and DO concentra-
tion were kept constant. This was done in order to analyze the re-
moval performance in R1 with a gradual VLR increase (2.4 kgCOD/
m3d at the 102nd day, 3.6 kgCOD/m3d at the 129th day and
4.8 kgCOD/m3d at the 150th day). In the sub-periods III and IV,
the VLR was kept constant while the C/N ratio was doubled. Finally,
in order to analyse the effect in the famine and feast periods during
the SND process, the air ﬂow was reduced in the ﬁrst part of both
sub-periods. More speciﬁcally, the air ﬂow was maintained con-
stant (Qa1 = 3 L/min) during the whole experiment; only in two
periods, between the 171st–181st and the 192nd–202nd day, the
air ﬂow was temporarily reduced at Qa2 = 2 L/min. Actually, there
is not a substantial difference in the two sub-periods III and IV interm of operational conditions. In fact, it could deﬁne a single per-
iod of 42 days (from the 171st to the 212nd day) alternating with
two periods in which the air ﬂow was reduced (days 171–181 and
192–202). The sub-period IV was repeated only to validate the data
obtained in the previous period. In Tables 1 and 2 the operational
conditions during period 1 and 2 are summarized.
TIME R1 R2
Day 58 
Day 136
Day 166
Day 202
Granules in the reactor R1 Granules in the reactor R2 
Fig. 3. Stereo-microscopic pictures of granules in R1 and R2 during the experimentation.
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The chemical–physical analysis was performed according to
standard methods (APHA-AWWA-WEF, 1998): in particular, COD,
TSS, NH4–N, NO3–N, PTOT were measured. The settleability of the
granular sludge was evaluated analyzing the settling curves. Fur-
ther, in order not to ‘‘disturb’’ the granular sludge formation, the
SVI analysis was carried-out every 2 weeks. The granules sizes
were studied by digital image capture. In particular, the granule
observations were carried-out through a scanning optical micro-
scope and a stereo-microscope (with different enlargement,
depending on the granule sizes). The mean granule sizes were
obtained by measuring about 800 granules, using an image ana-
lyzer. The speciﬁc volume of mixed liquor sample was variable
(5–50 mL) relating to granule sizes. All analysis were carried out
twice a week.
3. Results
3.1. Sludge granulation in various phases
Fig. 2 shows the TSS concentrations trends in the mixed liquor
(MLSS), the settlement velocity (vs) and the mean granule sizes
during the whole experimentation.As shown in Fig. 2(a), MLSS concentration increased differently
in the two granular sludge. After the VLR variation in R2 to the 33rd
day, the biomass in the reactor R2 grew more rapidly than the bio-
mass in R1. After the 90th day a consistent sludge accumulation
formed periodically within the riser in both SBARs. This cake of
granular sludge was removed with difﬁculty from the aeration.
Furthermore, due to high SS concentrations periodical sludge
wash-out occurred. For this reason, during the 102nd day the SBAR
conﬁguration in both reactors were changed to SBBC.
Relating to Period 2, the MLSS growth in the two reactors was
closely linked to the changed set of operating parameters. In
particular, the change of VLR after 128 days caused a partial
breakdown of some granules in R2. Consequently, a part of TSS
was washed away. Contrarily, the increase of VLR in R1 did not
have any immediate results. The subsequent increase in the
sub-period II, induced a small increase in the TSS concentration
in both reactors. The inﬂuence of air ﬂow variations in the
sub-periods III and IV were important. In general, a temporary
wash-out occurred when air ﬂow was decreased.
As shown in the Fig. 2b, the sludge settle-ability generally in-
creases. After the 20th days, the SVI was less than 90 mL/g, reach-
ing values below 40 mL/g during the 70th day. Nevertheless, even
if the settleability was always good, the trends reported in Fig. 2b
show a signiﬁcant decrease of vs after the 70th day in both reactors.
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in the sludge connected with the presence of riser in the reactor.
Also for this reason, as discussed above, the reactor conﬁguration
was changed and consequently the vs increased again. In fact, after
the conﬁguration change, from SBAR to SBBC, there was not any
negative interaction between big granules and riser.
However, the difference in the vs between R1 and R2 was ob-
served only after the 130th days, three week after the conﬁgura-
tion change. The granular sludge in R2 has shown a better
settleability than the sludge in R1, reaching 60 m/h. This fact can
be attributed to the different granule sizes.
Finally, in Fig. 2c the trend of mean granule size in the two gran-
ular sludge is reported. The results show that the granular dimen-
sions in both reactor were comparable until the 33rd day. Then, the
different strategy of cultivation in terms of ts variation, did not af-
fect the granular sizes when the DO concentration is high. On the
contrary, the variation of VLR in R2 (day 33) strongly inﬂuenced
the granule formation and the granule sizes increase faster than
in R1. On the 120th day the mean granular size in R2 was double
the R1 one. During Period 2, the granule growth was related
to the VLR variation and operational condition. In particular, when
the air ﬂow in the reactor decreased (sub-periods III and IV) the
granules were broken and the mean granule size decreased. In
Fig. 3 the stereo-microscopic pictures of granules are shown.
3.2. Effect of air ﬂow reduction on the feast and famine phases
During Period 2 much attention has been given to the analysis
of feast and famine periods, relating to the variation of operational
condition (mainly alternating Qair reduction during sub-periods III
and IV). In particular the oxygen penetration was indirectly inves-
tigated observing the bulk liquid composition and its effect on the
N-removal efﬁciency. In general, the end of the feast period and thesubsequent beginning of the famine period can be easily identiﬁed
in terms of oxygen consumption, which decreases in few minute
after the feast condition. More in detail, the length of the feast per-
iod depends on oxygen penetration and organic substrate avail-
ability for the micro-organisms in the different granule layers.
According to McSwain and Irvine (2008), after the feast period
the DO concentration in the bulk reaches its max value because
the substrate is completely consumed. In particular, it is important
underline that the famine conditions only refer to organic matter
consumers (fast oxygen uptakes). Similarly for the ‘‘Feast’’ condi-
tions (slow oxygen uptakes).
Fig. 4a and b report two examples of DO concentration versus
time curves in the R1 and R2 reactors during different cycles in
the sub-periods III. The analyses were carried-out on the 178th
day (Qa2) and 187th day (Qa1). In particular, with Qa1 the feast per-
iod lasted about 20 min in R1 and about 58 min in R2. With Qa2 a
lower DO concentration was guaranteed in the initial phase of
the cycle and consequently the feast period length increased. The
difference in the feast and famine period length between reactors
was due to different granule sizes because the test was realized
in similar operational conditions (without oxygen control).
Fig. 4c and d report the ORP measurement during the same cy-
cles. The measurements were realized in the bulk liquid and, de-
spite not being a direct measurement of the internal zone of the
granules, they are very interesting for N-removal (Yuan and Gao,
2010). In general, the aerobic or anoxic/anaerobic condition in
the bulk results from the internal processes in the granule and dif-
ferent conditions may occurred even if the DO in the bulk is not
zero (Mosquera-Corral et al., 2005; Li et al., 2008). More speciﬁ-
cally, if the ORP value is higher than 50 mV an aerobic oxidation
occurs; on the other hand, values lower than 50 mV denote an
anaerobic condition. Finally, if the ORP ranges between 50 and
50 mV an anoxic processes occurs. In general, at smaller sizes
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Fig. 5. Trend of (a) COD, (b) NH4–N, and (c) NO3–N concentrations in the efﬂuent of R1 and R2.
G. Di Bella, M. Torregrossa / Bioresource Technology 142 (2013) 706–713 711the oxygen penetration occurs deeper, so anoxic conditions are not
that long. With higher sizes, anoxic reactions can occur longer in
the middle of the aggregate while oxygen is penetrating, so aerobic
and anoxic conditions coexists. Furthermore, ammonium was not
zero, so oxygen was being consumed by nitriﬁes.
3.3. Organic and nitrogen removal
Removal performances were evaluated after the cultivation
period.As shown in Fig. 5a, in the sub-period I, the COD removal was
excellent in both reactors, with values of COD discharge less than
60 mg/L (organic performance removal 94%).
During the sub-period II, characterized by a VLR increase, the
performance of COD removal was similar, despite COD concentra-
tions in the inﬂuent increased until 1235 mg/L. The reduction of air
ﬂow in the ﬁrst phase of sub-period III, caused a partial disintegra-
tion of granules and a consequential COD increase in the efﬂuent.
This circumstance could be attributed to: (1) shear stress reduc-
tion; (2) DO reduction during the feast period. Consequently the
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nomenon occurred in the ﬁrst phase of sub-period IV when the air
ﬂow again decreased.
Regarding to ammonium and nitrate removal, in the Fig. 5b
and c the trend of ammonium and nitrate concentration in the
efﬂuent are shown. In the sub-period I the mean total N-removal
was acceptable: about 80% in R1 and 70% in R2. On the contrary,
the denitriﬁcation process was better in R2 than R1. This circum-
stance was due to the different granule size in the sludge, and con-
sequently to different thicknesses of aerobic and anoxic layers,
according to previous observation. In the sub-period II the ammo-
nium concentration in the inﬂuent was increased contemporarily
with the COD increase. The results underlined a good nitriﬁcation
performance in both reactors despite the high ammonium concen-
tration in the inﬂuent. The denitriﬁcation process also remains sat-
isfactory despite the high DO concentration in the bulk. Similarly,
the nitriﬁcation rates were maintained (indeed improved slightly
after the initial phase) and the temporary nitrate rose up was
due to increase of ammonium concentration in the inﬂuent. In
general, the good performance of nitriﬁcation processes were con-
ﬁrmed in the sub-period III and IV. However, nitriﬁcation efﬁciency
decreased in both reactors after air ﬂow reduction, due to the low-
er depth of gas diffusion within the granules (Okabe et al., 1995). In
particular, the reduction of air ﬂow inﬂuenced the nitriﬁcation pro-
cess mainly in the granules of R2 due to a greater reduction in the
oxygen diffusion than R1 granules. In this context, the decrease of
air ﬂow, and consequently of DO concentration, did not result in a
signiﬁcant improvement of denitriﬁcation efﬁciency. In fact, even
though ammonium increased, the system was already able to cope
with it and there are not any advantage when oxygen concentra-
tion decreased. This could be due to the granule sizes obtained in
our experiments that were stable and bigger than 1.5 mm in both
reactors, after the cultivation period (see Fig. 2c); consequently, the
good stratiﬁcation guaranteed an important anoxic layer also with
Qa1. The results obtained in sub-period IV, conﬁrmed the previous
observations.
The biological N-removal processes during the whole cycles
were also monitored using pH and NO3–N. The changes in aqueous
chemical composition during the typical real time control cycle are
shown in Fig. 6. The analysis was carried out in the second phase of
sub-period III, on the 187th day with air ﬂow equal to Qa1.
The pH value initially increased during the feast period, and
then decreased during the famine period.
The phase of the processes of denitriﬁcation and nitriﬁcation
can be identiﬁed when the pH changes from an increasing to a
decreasing trend. In fact, although the pH changes in slope indicate
only which reaction is the dominant one (but they can still coexist),
the analysis of nitrate end pH proﬁles during the whole cycle can
be useful. More speciﬁcally, in accordance with Wan et al.
(2009), the denitriﬁcation process generated alkalinity causing
the raise of pH. On the other hand, during the nitriﬁcation thepH gradually declined because the oxidation of ammonium con-
sumes alkalinity. Thus, the bending point in pH and the changing
point in the nitrate curve represent the end of the denitriﬁcation
stage and the start-up of the nitriﬁcation processes. In this context,
it is important underline that the presence of nitrate during the ini-
tial phase of the cycle is the results of nitrate concentration resid-
ual of the previous cycle, more speciﬁcally of the last part of the
previous cycle, where the nitriﬁcation is the dominant process.
As shown from the graphs, in both reactor the feast and famine
period practically coincides with the dominant process of denitri-
ﬁcation and nitriﬁcation processes, respectively. Actually, the trend
of pH and their strong variation (increase and decrease) or partial
stabilization, depend on the competition of denitriﬁed and nitriﬁed
factor, and the dominant processes deﬁnes only the condition in
the bulk liquid. However, this situation is in agreement with other
results reported in the literature (de Kreuk et al., 2007): in the feast
period the nitriﬁcation hardly occurs because the oxygen cannot
penetrate deeper into the granules due to the high demand of het-
erotrophic organisms in the outer layer. Consequently, the anoxic
layer becomes larger. Subsequently, in the famine period the ni-
trate concentration increases because the oxygen demand of het-
erotrophic bacteria decreases.
4. Conclusion
The authors observed the SND process in two aerobic granular
SBRs. The granular sludge was cultivated under different opera-
tional conditions. Because high mean granule sizes were achieved
in both plants, the two plants showed a satisfactory SND, with efﬁ-
ciency >90% for both carbon and nitrogen removal. In particular,
the data show that the SND can occur satisfactorily with high
oxygen concentrations. Nevertheless, the speciﬁc performance in
N-removal was strongly correlated with granule sizes. It is also
interesting the granules breaking was always negligible, although
the particle size of granules was greater than 1.5 mm for a long
experimental time.
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